؊/؊ mice infected with Toxoplasma gondii generate suboptimal CD4 ؉ T-cell responses, associated with a defect in production of the T-cell growth factor interleukin-2 (IL-2). To address the role of IL-2 in the expansion of T cells during toxoplasmosis, IL-2 ؊/؊ mice were infected with T. gondii and their ability to generate a protective T-cell response was assessed. Although IL-2 ؊/؊ mice produced normal levels of IL-12p40, they had reduced levels of gamma interferon (IFN-␥) in serum, had an increased parasite burden, and succumbed to infection with T. gondii within 20 days. Fluorescence-activated cell sorter analysis revealed that, although uninfected IL-2 ؊/؊ mice had an increased number of activated T cells compared with uninfected IL-2 ؉/؉ mice, following infection they were unable to further upregulate this population. Examination of the ability of splenocytes from uninfected and infected mice to produce IFN-␥ revealed that IL-2 ؊/؊ mice were hyporesponsive to stimulation with anti-CD3 or parasite antigen compared with wild-type mice, and the addition of IL-2 alone or in combination with IL-12 or stimulation with phorbol myristate acetate and ionomycin did not restore the production of IFN-␥. Together, these studies reveal that IL-2 ؊/؊ mice are unable to generate a protective IFN-␥ response following infection with T. gondii and suggest that IL-2 ؊/؊ mice have an intrinsic defect in their ability to activate and expand IFN-␥-producing T cells required for resistance to T. gondii.
The two-signal hypothesis of T-cell activation proposes that signal one is provided by the interaction of the T-cell receptor with appropriate major histocompatibility complex-antigen complexes, while the second signal is provided by costimulatory molecules which lead to the production of the T-cell growth factor interleukin-2 (IL-2) and increased expression of the IL-2 receptor (IL-2R) (8, 24) . Although there are many different molecules that have been identified and possess costimulatory properties, the interaction of CD28 on T cells with B7 molecules on accessory cells represents one of the most important costimulatory pathways (2) . Signaling through CD28 enhances T-cell production of IL-2, an autocrine growth factor (17, 26) , and enhances the expression of the bcl family of proteins which protect against apoptosis (3) . The generation of CD28 Ϫ/Ϫ mice and the demonstration that CD28 Ϫ/Ϫ T cells had defects in their ability to proliferate, produce cytokines, and resist activation induced cell death confirmed the importance of the CD28-B7 interaction in the regulation of T-cell responses (4, 16) . These defects were primarily attributed to the reduced production of IL-2 by CD28 Ϫ/Ϫ mice (16) . Recent studies from this laboratory involved in understanding the role of costimulatory molecules in the regulation of immunity to Toxoplasma gondii demonstrated that CD28 Ϫ/Ϫ mice have a reduced capacity to produce IL-2 following infection with T. gondii, correlating with a reduced number of parasite-specific memory CD4 ϩ T cells. As a consequence, splenocytes from chronically infected CD28 Ϫ/Ϫ mice produced reduced levels of IFN-␥ when stimulated with parasite antigen, and these mice were susceptible to rechallenge with the virulent RH strain of T. gondii. Moreover, the addition of exogenous IL-2 to splenocytes from chronically infected CD28 Ϫ/Ϫ mice resulted in the emergence of antigen-specific gamma interferon (IFN-␥)-producing CD8 ϩ T cells (27) . These studies indicated the importance of CD28 in providing the costimulatory signal for the production of IL-2, which is required for optimal T-cell production of IFN-␥, which is required for resistance to rechallenge. However, these studies did not distinguish between the possibility that the reduced numbers of parasite-specific CD4 ϩ T cells observed in chronically infected CD28 Ϫ/Ϫ mice was due to a failure of these cells to expand (18, 27) (likely IL-2 dependent) and/or due to increased susceptibility to apoptosis associated with decreased CD28-dependent expression of antiapoptotic proteins. Therefore, to address the mechanism whereby CD28 regulates T-cell responses, IL-2 Ϫ/Ϫ mice were infected with T. gondii and their T-cell responses were assessed. These studies reveal that IL-2 Ϫ/Ϫ mice are highly susceptible to acute toxoplasmosis, and this is associated with severe defects in antigen-specific IFN-␥ responses and a failure to increase the numbers of T cells expressing activation markers. In addition, stimulation with IL-2 alone or in combination with IL-12 failed to restore the production of IFN-␥ by splenocytes from infected IL-2 Ϫ/Ϫ mice.
MATERIALS AND METHODS

Parasites and infection.
Female Swiss Webster and CBA/CaJ mice obtained from Jackson Laboratories (Bar Harbor, Maine) were used to maintain the ME49 strain of T. gondii and provided a source of tissue cysts. For infection with ME49 tissue cysts, brains of chronically infected CBA/CaJ mice were harvested and prepared as previously described (1, 6) . Mice were inoculated intraperitoneally with 20 cysts in a volume of 0.2 ml. The RH strain was maintained in vitro at 37°C using human foreskin fibroblasts (HS27) cultured in modified Eagle medium (Life Technologies, Gaithersburg, Md.) supplemented with 1% fetal calf serum (HyClone Laboratories, Logan, Utah), penicillin (100 U/ml), streptomycin (100 g/ml), amphotericin B (25 ng/ml), and gentamicin (50 g/ml). The RH strain was used as a source of soluble toxoplasma antigen (STAg) as previously described (25) . STAg activity was titrated to determine the optimal concentration for splenocyte proliferation and cytokine production (25 g/ml).
IL-2 ؊/؊ mice. IL-2 Ϫ/Ϫ mice backcrossed for more than eight generations onto the C57BL/6 background (10) were bred and maintained as heterozygotes for the mutated IL-2 gene. IL-2
, and IL-2 ϩ/ϩ mice were obtained from IL-2 ϩ/Ϫ matings and were identified by a modified PCR amplification protocol using DNA extracted from digestion of ear clip specimens as previously described (23) . Briefly, ear clip specimens from mice were digested in 20 l of ear digestion buffer containing 10 mM Tris-Cl, pH 8.0; 100 mM NaCl (Sigma Diagnostics, St. Louis, Mo.); 25 mM EDTA; 0.5% (wt/vol) sodium dodecyl sulfate (Life Technologies); and proteinase K (1 mg/ml; Roche, Mannheim, Germany) overnight at 55°C. Ear digests were diluted with water to a final volume of 200 l, and 1 l of digest solution was used as a source of DNA. Four-to six-week-old mice displaying no overt signs of disease were used for all experiments, and deaths of uninfected IL-2 Ϫ/Ϫ mice during the course of the experiments were rare. Due to the difficulties associated in breeding and maintenance of these mice, mice of both sexes were used in the experiments reported. All mice used were maintained within Thoren caging units (Thoren Caging Systems, Hazelton, Pa.) at the University Laboratory Animal Resource facilities at the University of Pennsylvania.
Histological analysis. At the time of sacrifice, samples of livers, lungs, and spleens were removed from each animal and prepared for hematoxylin and eosin or immunohistochemical staining (14) . Briefly, tissues were fixed overnight in Accustain 10% Formalin neutral buffered solution (Sigma Diagnostics) and then embedded in paraffin. Paraffin sections (5 m thick) were stained with hematoxylin and eosin to visualize pathological changes. T. gondii parasites and antigens were detected in tissues of infected mice as described previously (9) . Briefly, paraffin sections of heart, liver, and lung were stained with a rabbit anti-T. gondii antiserum (Transduction Laboratories, Lexington, Ky.) and bound antibody was visualized by serial incubation with biotinylated goat-anti-rabbit (Vector Laboratories Inc., Burlingame, Calif.) and avid-biotin-peroxidase complexes (ABC kit; Vector Laboratories Inc.) using diaminobenzamide (Vector Laboratories Inc.) as the chromogen. To quantitate parasite burden, peritoneal exudate cells were harvested with 5 ml of ice-cold phosphate-buffered saline without Ca 2ϩ / Mg 2ϩ (BioWhittaker, Walkersville, Md.), and 5 ϫ 10 5 cells/100 l were used to prepare cytospins. Cells were fixed and stained using Protocol Hema3 (Biochemical Sciences, Swedesboro, N.J.) as described in the manufacturer's manual and then mounted and sealed using Cytoseal (Stephens Scientific, Kalamazoo, Mich.). Where the percentage of cells infected was less than 1% but parasites could still be observed, a value of 0.1% was assigned.
Reagents. Complete RPMI 1640 (Life Technologies) medium contained 10% heat-inactivated fetal bovine serum (HyClone Laboratories), sodium pyruvate, nonessential amino acids, penicillin (100 U/ml), streptomycin (1 mg/ml), and amphotericin B (25 ng/ml; Life Technologies). Murine recombinant IL-12 was a gift from Joe Sypek (Genetics Institute, Boston, Mass.), IL-15 was a gift from Mary Kennedy (Immunex, Seattle, Wash.), and recombinant murine IL-18 was purchased from Peprotech Inc. (Rocky Hill, N.J.). Human recombinant IL-2 was purchased from Chiron Therapeutics (Emeryville, Calif.), and phorbol myristate acetate (PMA) and ionomycin were purchased from Sigma. Anti-CD3ε (145-2C11) was purified from hybridoma culture supernatants. Rat immunoglobulin G isotype control antibody was obtained from Sigma. Enzyme-linked immunosorbent assays (ELISAs) for IL-12 and IFN-␥ were performed as previously described (18, 27) , and the limits of detection for IL-12p40 and IFN-␥ were 79 and 20 pg/ml, respectively.
Analysis of T-cell responses. Spleens harvested from individual animals were dissociated into single cell suspension and depleted of erythrocytes using 0.83% wt/vol ammonium chloride (Sigma Chemical Co.). Cells were washed and resuspended in complete RPMI before being plated at a density of 2 ϫ 10 5 cells per well in a final volume of 200 l in 96-well flat-bottom plates (Costar, Costar, N.Y.). Cells were stimulated with soluble anti-CD3 (1 g/ml) or STAg (25 g/ml) for 48 h at 37°C under 5% CO 2 . The following exogenous cytokines were used: IL-12 (1 ng/ml), IL-2 (200 IU/ml), IL-15 (1 ng/ml), and IL-18 (10 ng/ml). Alternatively, splenocyte cultures were incubated with PMA (50 ng/ml) plus ionomycin (500 ng/ml). Levels of IFN-␥ and IL-12p40 produced by splenocytes were measured using ELISA (20) . To assess surface expression of activation markers on T cells, purified splenocytes were resuspended in FACS buffer (1ϫ phosphate-buffered saline, 0.2% bovine serum albumin fraction V, 4 mM sodium azide) at a concentration of 10 7 cells/ml. One million cells were preincubated with saturating concentrations of Fc Block (PharMingen, San Diego, Calif.) for 10 to 20 min on ice and stained with phycoerythrinconjugated anti-CD4; fluorescein isothiocyanate-conjugated anti-CD8; and biotinylated anti-CD69, anti-CD44, or anti-CD62L (PharMingen) for 20 min on ice. Cells were then washed with FACS buffer and then incubated with allophycacyaninconjugated streptavidin (PharMingen) for an additional 20 min on ice, washed, resuspended in FACS buffer, and analyzed using a FACScalibur Flow cytometer (Becton Dickinson, San Jose, Calif.). Optimal antibody concentrations used were empirically determined. Results were analyzed using CELL Quest software (Becton Dickinson). Statistics. INSTAT software (GraphPad, San Diego, Calif.) was used for unpaired two-tailed Student t tests. A P of Ͻ0.05 was considered significant.
RESULTS
IL-2
؊/؊ mice are susceptible to acute toxoplasmosis. To address the role of IL-2 in the generation of protective T-cell responses during toxoplasmosis, IL-2 Ϫ/Ϫ mice were infected i.p. with 20 cysts of the ME49 strain of T. gondii and survival was monitored. As expected, IL-2 ϩ/ϩ and IL-2 ϩ/Ϫ mice were resistant to acute toxoplasmosis (Fig. 1A) . However, IL-2 Ϫ/Ϫ mice infected with T. gondii succumbed to infection with 100% mortality by day 19 postinfection (Fig. 1A) . This increased susceptibility to T. gondii infection correlated with increased parasite burden at the site of infection at day 7 postinfection (Fig. 1B) . Immunohistochemical analyses of tissues from infected mice revealed that although the lungs of infected IL-2 
ϩ/Ϫ mice, but parasites were readily detectable in the lungs of IL-2 Ϫ/Ϫ mice (data not shown). Analysis of levels of IL-12p40 and IFN-␥ in serum in uninfected IL-2 ϩ/ϩ , IL-2 ϩ/Ϫ , and IL-2 Ϫ/Ϫ mice revealed similar levels of IL-12, and although the IL-2 Ϫ/Ϫ mice had elevated baseline levels of IFN-␥, this did not reach statistical significance in these studies (P ϭ 0.07) ( Fig. 2A and C) . Following infection for 7 days, there was a four-to fivefold increase in the levels of IL-12p40 in serum in all groups of mice and a marked increase in the serum levels of IFN-␥ in IL-2 ϩ/ϩ and IL-2 ϩ/Ϫ mice ( Fig. 2B and D) . However, although there was a small infection-induced increase in levels of IFN-␥ in serum infected IL-2 Ϫ/Ϫ mice (P Ͻ 0.05), these levels were significantly lower than those for infected IL-2 ϩ/ϩ or IL-2 ϩ/Ϫ mice (P Ͻ 0.002). Nevertheless, since IFN-␥ Ϫ/Ϫ mice die within 10 days of infection with T. gondii (22) , the low levels of IFN-␥ produced by the IL-2 Ϫ/Ϫ mice appear to provide a limited mechanism of resistance to T. gondii. The source of this IFN-␥ in the IL-2 Ϫ/Ϫ mice is unclear but may be derived from NK cells.
T-cell expression of activation markers. To determine whether IL-2 was required for the activation and/or expansion of T cells during toxoplasmosis, splenocytes from uninfected and infected mice were stained with antibodies and analyzed by fluorescence-activated cell sorting for expression of activation markers (CD69, CD44, and CD62L) by CD4 ϩ and CD8 (19) . At day 7 postinfection, there was an approximately twofold increase in the percentage of activated CD4 ϩ T cells from IL-2 ϩ/ϩ mice (Fig. 3B) , consistent with an approximately twofold increase in the total numbers of splenocytes (data not shown). In contrast, uninfected IL-2 Ϫ/Ϫ mice had marked splenomegaly and infection did not result in increased numbers of splenocytes (data not shown) or the percentage of activated CD4 ϩ T cells (Fig. 3B) . Analysis of the expression of activation markers by CD8 ϩ splenocytes from IL-2 ϩ/ϩ , IL-2 ϩ/Ϫ , and IL-2 Ϫ/Ϫ mice following infection revealed similar results (data not shown).
Splenocytes from IL-2 ؊/؊ mice have defects in the production of IFN-␥ in vitro. Since production of IFN-␥ by T cells is the major mediator of resistance to T. gondii, and IL-2 and IL-12 have been demonstrated to be involved in the optimal production of IFN-␥ by T cells (13, 22) , we assessed the capacity of IL-2 Ϫ/Ϫ cells to produce IFN-␥ during toxoplasmosis. In a typical experiment, stimulation of splenocytes from IL- (Fig. 4A) . Similar results were obtained using splenocytes from infected mice (Fig. 4B) . Similarly, stimulation of splenocytes from IL-2 ϩ/ϩ and IL-2 ϩ/Ϫ mice with PMA and ionomycin, which nonspecifically activate protein kinase C and calcineurin signaling pathways, resulted in the production of IFN-␥ (IL-2 ϩ/ϩ , 80.3 Ϯ 12.6 ng/ml; n ϭ 5), whereas splenocytes from IL-2 Ϫ/Ϫ mice given the same stimulus produced markedly less IFN-␥ (2.7 Ϯ 1.1 ng/ml; n ϭ 3). To assess parasite-specific T-cell responses following infection with T. gondii, splenocytes from 7-day-infected IL-2 ϩ/ϩ , IL-2 ϩ/Ϫ , and IL-2 Ϫ/Ϫ mice were stimulated with STAg alone or in combination with IL-2 or IL-12 and the production of IFN-␥ measured. As shown in Fig. 4C , splenocytes from IL-2 ϩ/ϩ and IL-2 ϩ/Ϫ mice produced high levels of IFN-␥ when stimulated with STAg, but the addition of IL-2 or IL-12 did not significantly enhance the amount of IFN-␥ produced. In contrast, splenocytes from IL-2 Ϫ/Ϫ mice failed to produce IFN-␥ and the addition of the combination of IL-2 plus IL-12 only slightly enhanced the production of IFN-␥ by these cells. In additional studies, the inclusion of IL-15 or IL-18 to these cultures did not restore production of IFN-␥ (data not shown). Previous studies have shown that both CD4 ϩ and CD8 ϩ T cells contribute to the production of IFN-␥ in these types of experiments (13, 21, 27) , therefore these results demonstrate that even under optimal stimulation conditions (i.e., T-cell receptor stimulation plus IL-2 and IL-12, or PMA and ionomycin), T cells from IL-2 Ϫ/Ϫ mice have a profound defect in their ability to produce IFN-␥ compared with T cells from IL-2 ϩ/ϩ and IL-2 ϩ/Ϫ mice.
DISCUSSION
IL-2 is an important growth factor involved in the activation and expansion of T-cell responses during an immune response. The importance of IL-2 in T-cell-mediated immune responses is illustrated by studies in which it was shown that T cells from IL-2 Ϫ/Ϫ mice have profound defects in their ability to proliferate in response to anti-CD3 or concanavalin A (15, 23) . Moreover, previous studies also showed that IL-2 Ϫ/Ϫ mice have a reduced capacity to generate antigen-specific CD8 ϩ T-cell responses following infection with lymphocytic choriomeningitis virus (LCMV) (11) . During infection with T. gondii it is thought that the production of IL-2 by CD4 ϩ T cells is required for the optimal production of IFN-␥ by CD8
ϩ T cells (13, 27) . Results of our study presented here demonstrate that IL-2 Ϫ/Ϫ mice are susceptible to acute toxoplasmosis. Surprisingly, ␥ c Ϫ/Ϫ mice, in which IL-2-IL-2R interactions are disrupted, are resistant to acute toxoplasmosis but susceptible to the chronic phase of infection (21) . These differences in susceptibility to toxoplasmosis may be attributed to the fact that in ␥ c Ϫ/Ϫ mice CD4 ϩ T cells can make IFN-␥ in response to infection, whereas the data presented here demonstrate that the ability of T cells from infected IL-2 Ϫ/Ϫ mice to make IFN-␥ was profoundly suppressed. One explanation for this difference is that CD4 ϩ T cells from ␥ c Ϫ/Ϫ animals express the IL-2R␤ chain which can activate mitogen-activated protein kinase and the STAT5 signaling pathways (7, 12) . Thus, despite the absence of the common ␥ chain, T cells may still be able to respond to endogenous IL-2 through the IL-2R␤ chain whereas this pathway would be absent in IL-2 Ϫ/Ϫ mice. The studies presented here begin to address the role of IL-2 in the generation of protective antigen specific T-cell responses following infection with T. gondii and have revealed a major defect in the ability of T cells from IL-2 Ϫ/Ϫ mice to produce IFN-␥. Although comparable levels of IL-12p40 production were detected in IL-2 ϩ/ϩ , IL-2 ϩ/Ϫ , and IL-2 Ϫ/Ϫ mice following infection with T. gondii, there was a major defect in the ability of splenocytes from uninfected or infected IL-2 Ϫ/Ϫ mice to produce IFN-␥. There are several possible explanation to account for this defect. For example, although uninfected IL-2 Ϫ/Ϫ mice had elevated numbers of activated T cells in the spleen compared with those for IL-2 ϩ/ϩ mice, there was only a modest increase in the number of activated T cells following infection. These data suggest that there may be an intrinsic defect in homeostatic feedback mechanisms present in the IL-2 Ϫ/Ϫ mice which prevents activation and expansion of antigen specific IFN-␥ producing T cells necessary for protection against T. gondii. This is consistent with previous studies which have shown that IL-2 Ϫ/Ϫ mice have defects in T-cell homeostasis, resulting in the accumulation of activated, autoreactive CD4 ϩ T cells in secondary lymphoid organs and severe lymphoid hyperplasia (10, 15, 19) . An alternative explanation is that in the absence of IL-2, T cells become anergic following activation. Previous studies have shown that T-cell activation in the absence of CD28 costimulation results in T-cell anergy associated with the lack of endogenous IL-2 necessary for T activation and expansion (5) . However, this anergic state is transient and T-cell function can be restored by exogenous IL-2. In contrast, the addition of IL-2, alone or in combination with other cytokines, to splenocytes from uninfected or infected IL-2 Ϫ/Ϫ mice did not restore IFN-␥ production suggesting that anergy is not the cause of the defect in the ability of IL-2 Ϫ/Ϫ T cells to produce IFN-␥. Of relevance to the data presented here, Cousens and others have reported that IL-2 Ϫ/Ϫ mice cannot generate antigen specific production of IFN-␥ and CD8
ϩ CTL responses during LCMV infection (11) . In their studies, LCMV-specific CD8 ϩ CTL responses and production of IFN-␥ were restored to wild-type levels following exogenous addition of IL-2. However, the data presented here show that the addition of IL-2 did not restore the production of IFN-␥ by splenocytes from IL-2 Ϫ/Ϫ mice whether or not they were infected. Moreover, stimulation with PMA and ionomycin, which bypasses receptor-mediated signaling events and activates protein kinase C and calcium/calcineurin signaling pathways, had little effect on the production of IFN-␥ by splenocytes from IL-2 Ϫ/Ϫ mice, suggesting that T cells from IL-2 Ϫ/Ϫ mice have defects in the activation of transcription factors necessary for optimal T-cell function. The basis for this defect is unclear and whether it relates to the underlying autoimmune condition of the IL-2
mice is open to question. Nevertheless, because of the presence of large numbers of activated T cells in uninfected IL-2 Ϫ/Ϫ mice, the studies presented here do not resolve the role of IL-2 in the expansion of parasite specific CD4 ϩ T cells and alternative strategies are needed to address this issue. However, although these studies do not tell us whether IL-2 is important in the CD28-dependent expansion of parasite-specific CD4 ϩ T cells, our findings show that the increased susceptibility of IL-2 Ϫ/Ϫ mice to toxoplasmosis correlates with the inability of these mice to produce IFN-␥.
